
Autonomous Mapping Using Unmanned Aerial Systems

Item Type text; Proceedings

Authors Hibbs, Jeremy; Kibler, Travis; Odle, Jesse; Powers, Rachel;
Schucker, Thomas; Warren, Alex

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © held by the author; distribution rights International
Foundation for Telemetering

Download date 19/05/2023 15:43:55

Link to Item http://hdl.handle.net/10150/596464

http://hdl.handle.net/10150/596464


  
  
  
  
  
  
  

  
AUTONOMOUS MAPPING USING UNMANNED AERIAL 

SYSTEMS 
 
 

Students: Jeremy Hibbs, Travis Kibler, Jesse Odle, Rachel Powers, Thomas 
Schucker, Alex Warren 

 
Sponsors: Dr. Michael Marcellin, University of Arizona Department of 
Electrical and Computer Engineering, International Foundation for 
Telemetering 

 
 

 SCOPE OF THE DOCUMENT 
 

The purpose of this document is to describe the autonomous mapping project design, assembly, 
implementation, and testing. This document will also provide information about the 
requirements, the preliminary design review, hardware and software components, and project 
management elements. This document will provide all project design and assembly information 
necessary for understanding the concept for the autonomous mapping project. Both technical and 
non-technical readers of this document will be given the appropriate project background to 
understand the project. They will also be able to understand the assembly and performance of the 
system. 
 
 

BACKGROUND INFORMATION 
 

For thousands of years, humans have been using various species of plants to enhance and 
improve societies. The range of applications for these plants varies from agricultural, to livestock 
forage, and even soil stabilization. Growing these plants has created short-term solutions. 
However, the long-term consequences of introducing these invasive species have caused 
immeasurable problems to the environment. Many of these plants have become problematic 
invasive species. 
  
One of the most notorious invasive species to the Southwest is Pennisetum ciliare or buffelgrass. 
Buffelgrass was introduced in the 1930’s as feed for livestock. Experimental planting transpired 



for nearly 50 years, until researchers realized the impact the grass had on the native species. 
Effort has been put forth to remove the buffelgrass, but the spread of the plant is occurring too 
rapidly. 
  
The primary organization in raising awareness is the Southern Arizona Buffelgrass Coordinating 
Center (SABCC). The SABCC has requested residents to remove the grass from their yards, to 
inform their community of the problem, and to help in mapping areas that contain buffelgrass. 
  
One of the largest problems the SABCC faces is finding a reasonable solution to map areas of 
contamination. One solution to this problem is using multi-copter unmanned aerial systems 
(UAS) to scan and map the areas. 
  
Remote control multi-copter technology has been available for approximately 90 years. These 
copters have traditionally been very expensive and difficult to use for most of that time period. 
Recent advances in the technology have made this recreational hobby relatively cheap and easy 
to learn. With the combination of commercial off-the-shelf products and some computer 
programming, these multi-copters can be used to solve the buffelgrass problem. 
 
 

TOP-LEVEL DESIGN 
  

The system consists of a UAS and a ground station. The user interacts with the UAS from the 
ground station, which contains a computer that receives data about the UAS and displays it to the 
user. The ground station also has a safety radio and a telemetry radio. The safety radio is used to 
take full control of the UAS in the event of a problem. The telemetry radio is responsible for 
sending and receiving mission data between the laptop and the UAS. 
  
The ground station is connected to the UAS by two radio links, one that is 2.4GHz for the safety 
radio the other at 915MHz to send and receive data from the computer. The UAS has four motors 
to provide lift as well as provide pitch, yaw, and roll control. The onboard autopilot stabilizes 
and controls the UAS’s flight by varying the speed at which some of the rotors spin at, as well as 
connects to all the other subsystems. 
  
The ESC subsystem receives input from the autopilot in the form of a PWM signal and then uses 
that signal to determine the speed at which the motor will spin. The obstacle avoidance 
subsystem connects to the autopilot over a universal asynchronous receiver/transmitter (UART) 
connection and provides the autopilot with information in order to avoid obstacles in the UAS’s 
path. The high definition (HD) camera subsystem connects to the autopilot and is triggered on 
one-second intervals. The GPS subsystem connects to the UAS by a UART connection and 
provides the autopilot with positioning data. The voltage sensor subsystem provides voltage and 
current data of the battery over a serial connection. The UAS uses Lithium-Polymer batteries, 
which will power the motors through the ESC subsystem and the onboard electronics. The above 
subsystems will then be mounted on a custom H-frame that provides the space needed. 
  
 

HARDWARE 
 



The components selected for the UAS have undergone several iterations in order to improve the 
efficiency of the system resulting in longer flight times for the specified mission plan. Therefore, 
the selection of some components determines the selection of others based dependencies between 
the parts. All the subsystems below are influenced by specific requirements of the project. The 
most influential components are listed below. 
 
 

GROUND STATION HARDWARE 
 
The ground station will consist of all the components related to the monitoring and control of the 
UAS during flight. The constituent elements of the ground station will include a laptop 
computer, a telemetry radio, and a safety controller. In addition to providing information and 
control during flight, the ground station computer will also have the ability to analyze and 
display the visual data captured by the UAS after landing. 
  
The user will have the ability to program the initial path of the UAS using the computer. The 
ground station computer will also allow the user to view information from the UAS during flight. 
This will allow the user to decide whether or not manual guidance of the UAS is necessary. In 
addition to the initial path, the user will also be able to use the computer to change the path of the 
UAS during flight. In order to provide the desired path to the UAS, the ground station computer 
will upload waypoints to the UAS via the telemetry radio. A USB connection will be required to 
connect the computer to the telemetry radio so the computer must have at least one USB port. 
  
After flight, the ground station computer will also have the ability to retrieve aerial images from 
the buffelgrass detection camera and location information from the GPS unit onboard the UAS. 
The aerial images and GPS information will be transferred from the memory card through the 
USB connection of the computer. The computer must have enough storage space to 
accommodate all the images and GPS information acquired during flight. The ground station 
computer must have the ability to use the software required to stitch the acquired images and 
display the resulting map. 
 

 
UAS HARDWARE 

 
AUTOPILOT 

 
The Pixhawk autopilot platform was chosen during the preliminary design review. The autopilot 
is the subsystem that controls the flight of the UAS by taking inputs from various sensors then 
outputting signals to the drive system. 
  
The autopilot is able to do this because of the on-board Inertial Measurement Unit (IMU). The 
IMU contains three very important sensors: the 3-axis accelerometer, the 3-axis gyroscope, and 
the 3-axis magnetometer. The accelerometer provides the autopilot with the UAS’s acceleration 
data and the gyroscope provides the UAS’s rotation in 3D space. The magnetometer specifies the 
UAS’s directional orientation to the earth’s magnetic field. The Pixhawk autopilot also has is a 
barometer, which determines altitude. The output of these sensors is used as inputs to their 



respective Proportional Integral Derivative controller (PID) to get the outputs for stabilizing the 
UAS in flight through the drive system. The other sensors connected to the autopilot, such as the 
GPS, allow the autopilot to direct the UAS along a flight plan or mission. 
  
 

HIGH RESOLUTION CAMERA 
 

The high-resolution camera will capture aerial images of the terrain that the UAS flies over. The 
images will be stored on an on-board hard drive. Once the UAS returns to the ground station, the 
captured images will be processed and areas containing a high concentration of buffelgrass will 
be identified. The flow diagram below displays the process for capturing images and then 
analyzing the images. 

  
In order to make a map from the aerial images, the Pixhawk autopilot will continuously send the 
GPS coordinates to the Odroid. The Odroid will trigger the Logitech C920 Camera to grab a 
single picture along with the time associated GPX data for that picture. Each image captured 
from the camera will be stored on an on-board hard drive. Once the predetermined user-defined 
scan region has been covered by the UAS, it will return to the ground station. Once at the ground 
station, the user can remove the on-board hard drive and upload the images to the ground station 
computer. Software will merge the photos together to create an aerial map of the scan region and 
then the map will be analyzed for areas of a high buffelgrass concentration. 
  
The primary hardware components specific to the high-resolution camera system are the 
Logitech C920 camera and the camera gimbal, which will act as a vibration and motion isolator 
for the camera. The camera used 1/3” sensor, with a nominal flying height of 30 feet the camera 
had less than 1 cm resolution at the object plane. The camera gimbal was successful in removing 
all motion blurr effects that degraded the aerial images. 
  
 

FLIGHT COMPUTER HARDWARE 
 

The cameras and Pixhawk both interface with the Odroid XU3 Flight Computer. This system is 
responsible for camera IO, saving images onto a micro SD card, and for alerting the autopilot of 
obstacles to avoid. The Odroid is a general-purpose computer based on technology used in 
mobile phones. It uses the Exynos 5422 chip, which includes two ARM Cortex processors, an 
ARM Mali GPU and 2GB of DDR3 RAM. The single board computer (SBC) is capable of IO 
using multiple interfaces and can be used with standard HDMI, mouse, and keyboard. 
  

 
SOFTEARE OVERVIEW 

 
The Pixhawk controls the low level stabalization and waypoint navigation functions. It is 
connected through a radio to one ground control station running on a laptop and also through a 
UART connection to the Odroid, which also communicates as though it were a ground control 
station. Unlike the laptop ground control station, the odroid can run autonomous software that 
can respond to telemetry data. Currently, it is used to save photographs to local memory and to 
tag them with the correct telemetry data for stitching. It also records all the telemetry and is 



accessible through both ssh and a web site that is accessed through a local wireless network. The 
inspiration for this work is primarly from a project developed for autonomously finding red 
balloons [http://dev.ardupilot.com/wiki/companion-computers/odroid-via-
mavlink/#Red_Balloon_Finder] 
 
 

ODROID SOFTWARE 
 

The Odroid is running Ubuntu 14.04 with the EW-7811UN USB WiFi adapter. Using a 
smartphone to create a WiFi hotspot it is possible to easily ssh into the system for running code 
and for checking system status. The Pixhawk uses the MAVlink 
[http://qgroundcontrol.org/mavlink/start] standard message protocol for communication. This 
protocol has all the basic messages for requesting and receiving telemetry, for setting and getting 
parameters and waypoints as well as sending direct control commands. 
 
This system is running the python based MAVProxy [http://tridge.github.io/MAVProxy/] ground 
control system. This program has a command line interface for sending MAVlink messages and 
it has the capability to run custom python code for autonomous interactions. Our system is 
loaded as a module and uses the droneAPI for simplifying standard interactions. 
 
 

IMAGE CAPTURE SOFTWARE 
 

Images are captured using OpenCV and then saved onto the device. After the autopilot goes into 
standby, the system sets the EXIF tags on the images and saves the telemetry as a GPX file, thus 
preparing the images to be stitched using Palentir. 
 
 

OPTICAL FLOW 
 

The easiest and best-documented approach to visual object detection is optical flow. Optical flow 
refers to the amount of movement that occurs between one frame of a moving image and the 
next. Strategic points are selected by finding high contrast areas of the first image. Then, the 
optical flow feature tracker finds the points in the next image and adds the new locations to an 
array. For the UAS, the Lucas-Kanade method was used to find optical flow. Lucas-Kanade is 
widely used so it was easy to implement, but there was a lot of resulting noise and errors that 
occured.. The optical flow results could be improved by choosing a different optical flow 
method, such as Horn-Schunck, or by increasing the exit criterion for terminating the search for 
the new point location. 
  
 

FOCUS OF EXPANSION & TIME TO CONTACT 
 

After finding the optical flow in the image, the next calculation that needs to be made is the 
focus of expansion (FOE). The FOE finds the point from which all the vector fields are 
originating in order to determine the direction of movement. The FOE was found using a least-
squares fitting method with all the vectors found by the Lucas-Kanade method. After the FOE is 



found, Time-To-Contact (TTC) can be found. The TTC informs the UAS how many frames it 
has until a collision may occur. It uses the optical flow information, as well as the FOE, to 
determine if objects in the frame are moving towards the UAS or away from the UAS. The 
obstacle detection program that was written was not implemented with the UAS because of 
unreliability with the optical flow vectors and the limited time for testing. 
 
 

IMAGE STITCHING SOFTWARE 
 
Two options were considered as viable solutions to stitching the image captured by the UAS. 
The first option was to find open source software that would be suitable to the project and 
application chosen. The second option was to develop code in MATLAB that would stitch the 
images. Due to the amount of time available to us and the complexity of the project, the open 
source software (Palentier) was chosen. Palentier was designed to work for UAS’s and will run 
on Linux, Windows or Mac based computers as long as Java 1.4 or later is installed. Palentier 
processes aerial images taken by the UAS, scaling and orienting them so that they may be 
projected onto a real world map. In order for the Palentier software to work properly there are 
several requirements of the UAS. First of all, the camera must take JPEG photographs, and the 
camera’s time must match the time in the GPS. The UAS must also record all of its telemetry 
data to a GPX (GPS Exchange Format) file. Finally the camera on the UAS must be pointed 
straight down. 
  
When using Palentier, the GPX file and all of the images taken during the flight must be copied 
to the computer that will be running Palentier. The GPX file contains the telemetry data recorded 
by the UAS, which includes the latitude, longitude, elevation, compass orientation, and the time 
for this data during the UAS’s flight. The JPEG files from the camera contain Exif 
(Exchangeable image file format) data, which holds metadata that is supplemental to the images 
themselves. The Exif data requirements include: the date/time the image was taken, the time it 
was digitized, the image width and height, the sensor width and height, and the focal length. It is 
important to note that the Exif data created may vary from camera to camera. In using the 
Logitech C920 webcam, it was necessary to add the focal length as well as the date the image 
was digitized. This required assistance from another software package called ExifTool (Created 
by Phil Harvey). ExifTool is a command-line application that allows users to read and make any 
necessary changes to the Exif data. ExifTool was used to do the necessary editing of the Exif 
data. 
 
 

SUMMARY OF TESTING 
 

TAKEOFF 
 

Once the ESCs were configured correctly, formal testing of the UAS began. The first formal test 
was conducted to verify that the UAS would be able to produce enough thrust to fly. An analysis 
was conducted prior to this testing to select the correct hardware for the desired flight time. 
However, this online tool has an approximate error of plus or minus ten percent, so testing the 
selected components was necessary. For this simple test, the team powered the UAS enough for 



takeoff and hovered the aircraft for approximately one minute. The test revealed that the UAS 
can carry the equipment and has sufficient power to takeoff. 
 
 

PHOTOPRAPHS WITHOUT GIMBAL 
 

The next test conducted by the team was autonomous photo capture without a gimbal. This 
testing was conducted so that the team could analyze the quality of the photos without the 
vibration dampening provided by the gimbal. During flight the UAS generates significant 
vibration throughout the entire aircraft. Because of this, the team predicted early in the design 
process that a gimbal would be needed. But by adding a gimbal, performance would decrease 
because of the additional weight and power requirements of the gimbal. So by adding a gimbal 
the team would essentially be reducing the flight time of UAS. 
  
The test began by mounting the camera to the front of the UAS using double-sided tape. This 
tape provides sufficient strength to hold the small camera while also providing vibration 
dampening. The camera was connected to the Odroid and image capture software was initiated. 
The UAS was placed in a hovering position and held there for approximately one minute. The 
UAS was landed and the photos were transferred to the ground station computer. 
  
The quality of the photos revealed an obvious need for the gimbal. During flight, the vibration 
was so severe that the sensor in the camera was shaken. The vibration in the sensor caused severe 
distortion in the photos. 
 
 

AUTONOMOUS TEST I 
 

Following the “test without a gimbal” was the first autonomous test flight. This test followed the 
most of the procedures outlined in test 2 (Appendix D). The test did not include autonomous 
takeoff and landing as this feature was developed at this point. The purpose of this test was to 
prove that the UAS was capable of flying autonomously to the programmed GPS waypoints. 
  
The test began by uploading the map of the test region in APM Planner. The GPS waypoints 
were selected and saved to the autopilot. The UAS was then taken to the testing region, and the 
takeoff was conducted manually. Once the UAS was at the appropriate height, the flight mode 
was changed to “autonomous”. The UAS began flying towards the first waypoint, but at higher 
speed than expected. After the UAS reached the first waypoint the test was obviously going to be 
a failure. The aircraft turned right and control was nearly lost. The safety controller operator 
switched the mode to “manual” and control was regained. Then UAS was placed in “stabilized” 
mode so that the operator could decipher the orientation of the aircraft. In this mode, the UAS 
began raising and lowering uncontrollably and crashed from 3.5 meters. 
  
This test was very useful to the team. The first conclusion the team gained was that the 
autonomous flight speed needed to be reduced. The UAS was far too aggressive during this test 
and needs to use a more gentle approach to navigating the waypoints. The team also realized that 
the front booms need to marked with a highly visible color so that the orientation can be realized 



quickly. This is believed to be the reason for the crash. The operator was commanding the UAS 
without knowing the true orientation. This caused the UAS to go backward when the desired 
direction was forward. This disorientation led to the crash. 
 
 

GIMBAL AND IMAGE STITCHING TEST 
 

After determining that the gimbal was needed for high quality photos, the team directed a test of the 
gimbal. First, it was mounted and powered using direct voltage from the batteries. The batteries were 
plugged in but were not armed. A team member held the quadcopter and rotated it as to simulate flight 
angles. This test showed that the gimbal adjusted to hold the camera parallel to the ground at all times. 
Next, the team conducted this same test but actually flew the UAS to confirm that the gimbal could 
handle the vibration of the aircraft. This test displayed successful results as well. 
  
However, the team discovered during this test that the photos captured in flight were not providing the 
correct position data. The Odroid was only recording the time the picture was taken and the photo. The 
team discovered that the Palentier software requires Exchangeable image file format (Exif) data. Since the 
photos would not work in Palentier, the team tried to utilize the MATLAB program to stitch the images. 
This program was also unsuccessful. To make the MATLAB program work, the web camera would have 
had to be exchanged for a higher quality camera. The team decided not to exchange the camera. Instead, 
the image capture software was modified to include the required Exif data and additional data was 
captured during the Autonomous Test III. 
 
 

AUTONOMOUS TEST III 
 

The final autonomous flight test displayed perfect autonomous flight operations. After the first 
autonomous test, the speed of autonomous flight was changed from five meters per second to one 
meter per second. This ensured that the UAS would not fly out of range and that the safety 
controller operator would not lose orientation of the UAS. The team also added high contrast 
tape to the front of the UAS to decrease the probability of losing orientation if control needed to 
be taken at any point of the test. 
  
The first step in completing this test was uploading the map to APM Planner. The GPS 
waypoints were selected in a random flight pattern and saved to the autopilot. Similar to previous 
tests, the UAS was placed at the launch point and taken off manually. The “autonomous” mode 
was engaged at a height of approximately twenty-five feet. The UAS successfully traveled to 
eight waypoints and went into “ALT hold” mode at the final waypoint. The safety controller 
operator took control of the aircraft and landed it. 
 
 

PALENTIER SOFTWARE 
 

The images captured during Autonomous Testing III were used along with the Exif data to test 
the Palentier software. This test revealed that the software was successful in stitching the images, 
but the GPS was not as accurate as needed. Many of the images were placed correctly, but many 
others were off by a fraction. This created a map that was only partially usable. To fix this issue, 
the team needs to upgrade the GPS unit on the UAS. Another issue that was presented during this 



test was that the images were being triggered too frequently. The current rate is two images per 
second. This rate needs to be reduced to one image per second. The problem with this high rate 
of capture is not only a memory issue, but also that the image stitching software also cannot 
handle the volume of photos. This photo volume issue was resolved by reducing the capture rate, 
but the GPS accuracy problem has not yet been addressed. 
  
 

CLOSURE 
 

The purpose of the system is to successfully map buffelgrass in remote locations while having 
the ability to avoid obstacles that pose a threat to the unmanned aerial system. The system is 
composed of two primary subsystems, the ground station and the UAS. The ground station 
serves the role of flight monitoring and control, safety radio transmission, photograph 
mosaicking, and map creation. The UAS is responsible for autonomously collecting images and 
avoiding obstacles during flight. 
  
The primary customer for the autonomous mapping project is the SABCC. SABCC has 
requested help from the community to find effective methods for mapping buffelgrass on a 
landscape scale. This opportunity was brought to the team’s attention during the preliminary 
research phase of the project. The team unanimously decided to pursue this project since it would 
greatly benefit the community and met all the requirements established by the sponsor. 
  
The initial requirements for this project were vague in terms of the application of the final 
system. This gave the team freedom to decide on what application would serve best for the final 
system. The team includes: two computer engineers, two electrical engineers, one optical 
engineer, and one systems engineer. The entire team initially focused on the requirements of the 
system to ensure that all members had an equal input on what the system needs accomplish upon 
completion. Once the system requirements were established, each member assumed 
responsibility for an appropriate subsystem, field focused, of the project. The project was divided 
into: flight components and autopilot systems, object detection hardware and software, camera 
systems, ground station systems, and project management. 
  
The main flight components include: the frame, the autopilot, and the drive system. The frame 
holds all of the UAS components and provides structure for the UAS. The autopilot 
communicates with the drive system and the on-board computer to control mission commands. 
The autopilot is the central system for controlling the UAS and communicating data to and from 
the ground station. 
  
The obstacle avoidance system uses an Odroid XU3 on-board computer for processing and logic. 
This board serves the purposes of triggering the downward facing camera as well as identifying 
obstacles in the path of the UAS. The board uses optical flow and time to contact software to 
identify when imposing objects will interfere with the flight plan. The Odroid XU3 sends 
updates to the autopilot system as the status of the flight plan is updated or changed. 
  
There are two camera systems on the UAS. One camera is mounted to a gimbal on the bottom of 
the UAS and serves the purpose of capturing images of the buffelgrass. The Odroid XU3 triggers 



this camera every two seconds. This web camera is a lightweight, high-resolution camera that 
meets all the needs of the system but is relatively inexpensive. The same type of camera is used 
for obstacle detection purposes. This camera is mounted on the front of the UAS at a slight 
angle. This camera does not utilize a gimbal like the downward facing camera. This camera does 
not need the same high quality focus that the downward facing camera needs, so the additional 
weight of a second gimbal can be avoided. This camera is placed at an angle because the UAS 
flies at a slight angle when moving forward. 
  
The ground station is the command center for the flight operations and is responsible for the 
creation of the buffelgrass map. During flight operations, two users operate the ground station. 
One user operates the APM Planner software while the other is responsible for the safety 
transmitter. The APM Planner user monitors the flight conditions and sends updates of GPS 
waypoints as needed. The safety transmitter operator is responsible for monitoring the UAS and 
takes manual control of the system if necessary. After the mission is completed, the ground 
station operators upload the image data to the laptop computer. The image data is processed and 
uploaded into the ArcGIS program and the map creation procedures are completed. 
  
Using this system, SABCC will have greater success in their mapping efforts. This system will 
allow their organization to reduce cost of aerial mapping, while reducing the number of 
volunteers needed for mapping. With minimal training, SABCC’s will be able to select a survey 
region, execute the data collection, and have a ready to use map for buffelgrass identification. 
  




